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ABSTRACT

This report deals with the auditory processes of detection
and frequency analysis. It presents a decision-making theory
of detection and some data supporting the theory. Other data
included are consistent with a theory of frequency analysis
that characterizes the human observer as instantaneously
sensitive to a limited range of frequencies, with a shifting
of the frequency range of sensitivity requiring a measurable
amount of time. Finally, the problem of speech perception
is considered in terms of the mechanism inferred from these
‘studies.

The results of this investigation are regarded as
contributing to the methodology of psychophysical testing,
to auditory theory, and to general behavior theory. The data
indicate directly & need for certain innovations in conventional
testing procedures by virtue of exhibiting some properties of
the auditory mechanism not previously considered. The nature
of both the detection and frequency-analysis properties discussed
calls for a recognition of the influence of central processes
on sensory processes, and demonstrates the feasibility of
studying central processes by sensory experiments.
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SOME GENERAL PROPERTIES OF THE HEARING MECHANISM

1. INTRODUCTION

This report summarizes the results of an experimental investigation
directed toward identifying the parameters é} interest in the study of the
‘auditory processes of detection and frequency analysis. This research is not to
be interpreted as a detailed investigation of the parameters; it is rather design;
ed to establish the existénce of the parameters andrto illustrate the feasibility
of submitting these parameters to experimental study. The nature of this research
is such that each experiment reported herein is intended as sample study in an
area which eventually should be investigated more completely. These sample
studies have all employed frequenciés around 1000 cycles and duratiéns near .1
seconds. Interpretations of the experimental data consequently are restricted
to these conditions.

The viewpoint is that only those propositions which cannot be tested
for their validity should be accepted on faith alone as assumptions. Any other
proposition is a theorem. The data are accepted on faith. Whenever the model
leads to a theorem which contradicts the date, then the model must give way. At

least one of the assumptions must be discarded. Thus, in Section 2 it is shown

that data contradict the conventional threshold theoreml,.and consequently

vl. Actually, the existence of a threshold has always been accepted as an
assumption. According to the view presented here, its validity is testable,
and consequently it should assume the role of a theorem.




assumptions leading to the theorem must be rejected. A different model, the
theory of statistical decision, is tested as an alternate, and this model is

| shown to be consistent with data so far collected. Thé model suggests the
substitution of a new experimental variable for signal power at threshold. This
variable is described in Section 2, and some of the research necessary for its
‘definition is outlined.

The date reported in Section 2 are from experiments in which the
observers are detecting signals in noise. The observers' performance in these
experiments dompares'favorably'with the mathemétical optimum for the signals and
noise employed. The signal parameters of interest includg fregpency, duration,
and signal power. The noise parameter of interest is the noise power per unit
bandwidth. One way to aﬁproach the m;thematical optimum WOuld be to eméloy a
device which decides on the basis of/the integrated output of ‘a narrow-band
filter gated only during the observation interval. Two thinés would be true of
such a device. Noise outside of the band of the filter would not interfere with
phe detection-ﬁerformance. That this is true of the auditory mechanism is
suggested by the results upon which Fletcher (Ref. 7) based the "critical-band"
concept. The seéond property of such a device is that it would not detect
signals outside the filter band.

Since Fletcher's work was based on a threshold type measure, it is
desirable that Fletcher's result be confirmed in an experiment designed to be
consistent with the(model proposed in Sectionv2. The modified "eritical-band"
‘experiment is repofted in Section 3, confirming Fletcher's basic result. The
daté are, of course, interpreted according\to‘the model proposed in Section 2.

‘While this experiment is a sample study, investigating only the conditions for

la signal at 1000 cyéles and .l seconds in duration, it should be emphasized that
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-the sample called for a major experimertal effort involving more than 6000
observations for each of three observers.

The second property, that a signal outside of the band of the filter
would not be detected, has not previously been submitted to direct experimental
investigation, although some data reporteé by Garner (Ref.llé) suggest that this
is true. This problem.also is smeitted‘tp a8 sample study showing that it is
indeed a real problem. Only a limited raﬁge of freqﬁencies aroﬁnd 1000 cps for
dura£ions.l and .3 seconds are studied. The results are statistically signifi-

‘cant at. a high level of confidence, justifying‘the recommendation that the problem.
be submitted to extensive investigation.

It was possible to design both of the above studies without depending
on exact définition of the new experimental variable (see. Section 2). The
 results afe in a form’interpretable in terms of this variable when it is defined.

The results of the experiments outlined above réise some questions
concerning the mechanisms involved. For example, the fact that the observer
performed in a near-optimum way in the detection experiment reported in Section 2
leads to the question of coincidence. Was the experiment through accidént designed|
so that the characteristics of ﬁhe observer's mechanism‘weré nearly those required
for oftimum performance? If this is true, and the mechanism is fixed, then the
bbservér's performance should fall off considerably under different conditions.

On the other hand, if the observer can control the parameters of ﬁhe,mechanism,
that is, if he can somehow select parameters to metch the task, then his
performance may approxima£e the optimum over a wider fange of’conditions.

In érder to handle this probliem a distinction is mede between those
components of the mechanism which are fixed and those which a;e controlled by the

observer. Consideration of the problem of control has lead to & conceptualization
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of the hearing mechanism as consisting of at least two stages.l The first stage
is considered fixed (essentially a multiplexing system), serving only to transmit
information. The second stage is regarded as one under control of the observer.
‘At any instant in time this second stage can consider only a single observation.
In other words, it can consider only the outputs of a narrow band of the multi-
plexed elements of the first étage, with these outputs combined to form a single
observation. The center of the band (in terms eifher of frequency or of multi-
plexed elements), the width of thg band, the duration of the observation interval,
and the time at which the observation is made, are parameters of the second stage.
The output of this second stage furnishes the basis for decisions, and it is only

at this point that events are classified.

This description is a first approximation. Further study mey lead to
refinements of the model, postulating intermediate stages with some fixed and
some controlled parameters. At this time little can be said about this possibili-
ty. It is mentioned now only because the comment aids in clarifying the pfesent
status of the model. So far, at least, the model deals only wi?h relatively
simple phenomena. Certain behaviof consistent with the postulation of controlled
parameters appears to océur. How this is achieved is not yet incorporated in the
model.

Now, if one is able to observe at a predetermined frequency then the
observation can be interpreted asran obsefvation representing that frequency.

To illustrate this point, consider a single trace oscilloscope (an A-scope) with

a pulsé in some position on the trace. If the position of the beam at anyvinstant

1. This conceptualization is, of course, a model. As long as the model is
consistent with the data, then it is satisfactory. Whether or not the model
is ‘a true representation of the mechanism is beside the point. Any other
model whic¢h is functionally equivalent, is equally satisfactory.
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in time is in one-to-one correspondence with antenna position, then the position
of the pulse can be interpreted in terms of directioﬁ with reference to the
observer. If the position of the beam at any instant in time represents a
frequency with reference to receiver tuning then the position‘of the pulse can
be interpreted as an indication of the frequency of the signal. If, in‘hearing,
the observation is somehow corfelatéd with the condition of the receiver (i.e.,
the center of the band of attention), then a mechanism for frequency identifica-
tion exists.

Some experiments are reported below bearing on the control of
attention. One, referred to above as showing that only one frequency can be
attended to at any instant in time,>is further consistent with the contention
that the sharing of observations over time is.related to the frequency separation
between two frequencies under oﬁservation. For the durations studied it appears
possible to make an observation at two frequencies separated by more than the
bandwidth of attention, but nevertheless close together, whereas it ap@ears to
be impéssible when the frequencies are separated by greater amounts. The decrease
in detéctability with separation is gradual. Whatever is responsible for this |
behavior is referred to below as a scanning or sweeping mechanism. The terms
"scanning" and "sweeping" aré defined in terms of this operation, & fact which
should be reﬁembered as thé readef studies the experiments below.

Experiments demonstrating the method of study of frequency recognition
suggested by the ﬁodel are reported in other papers (References 3l and 36).

‘In this report a section‘is devéted to the argument that it is possible to
perceive speech with the mechénism suggested by the data in spite of the apparent
limitations of the mechanism. The-inclusion of this section in this report

emphasizes the authors! conviction that the model should apply to the
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study of large signals in the presence of low noise levels as well as to

the low signal-noise levels studied in the experiments described below.
Briefly, this report attempts to identify the significant parameters

in an area of study; Methods of investigating these parameters are illustrated

by sample experiments. Further directions of study are suggested in each

of the sections.

2. SIGNAL DETECTION FOR THE CASE OF THE SIGNAL-KNOWN-EXACTLY

2.1 Introduction

This section deals directly with the validity of the conventional
threshold conéept, and suggests a theory of auditoryAdetection tolreplace this
concept. Attention is directed fo the case of the siénal known exactly; i.e.,
‘the experiment is designed so that the parameters of the signal are fixed. It
is possible for a proper.device to utiiize frequency, phase, amplitude, duration,
and starting-time information in signal detection. In the experiments.réported
heré,‘the observer is told the a priori probability of signal existence, and
the valﬁés assigned’to the various évents; i.e., detection of an existing signal,
failure to detect an existing signal, false alérms; and correct rejections.

First, reaéons for re-evaluéting the threshold concept at this time
will be advanced. Neit,‘a precise stateﬁent of the threshold concept and its
implications for ﬁheory and data analysis will be’attemptéd. The alternative
theory will then be presentéd.. Experimehts designed to cdmpare the two theories
will then be reported, and ihplicafions of the ai£ernative theory for psycho-

physical testing will be discussed.
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2 2 FEvents leading to the Need for Re-examining the Threshold Concept

There are several reasons for re-examlnlng the threshold concept at
this time. First, some psychophysical results cannot be consistently predicted
in terms of the concepﬁ. Also there have’been éevérél developments in the field
of mathematics suggesting alternate methods of handling psychophysical data.
Third, physiological observations seem more consistent with some of the suggested

methods than with the threshold concept.

2.2.1 Fvents Not Predictable in Terms of Threshold Theory. Smith

and Wilson (Ref 33) have shown that, in audltory experlments, data do not

exhibit the 1ndependence between false—alarm rate and thresholds ‘that is required
as an assumption in a threshold theory. Tanner and Swets (Ref. 38 ) have reported
similar daﬁa collécted in vision experiments.

Blackwell, (Ref. 2 )‘in a thorough investigation of psychophysical
methods in vision; reports several felations bétweén level of threshold and
psychophysical proéedure which should not exist‘if one adheres strictly to the
threshold concept; Examples of these relatibns are:

1) Thréshold estimates obtained using the forced-choicel method of
résponse are; in genersal, lowér than thresholds obtained using
the conventional yes-no methéd.

2) Fofcéd~chéice thresholds are a function of the number of
alternativeé‘from-which the observer must choose.

3) Yes-no thresholds are raised if the observer is warned against

false-alarms.'

1. The forced-choice psychophysical technique is one in which the signal is
presented in one of n temporal intervals. The observer's task is then to
state in which of the n intervals he believes the signal occurred. The
name "forced-choice" derives from the requirement that the observer must

select one of the intervals. .
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Striet adherence to the threshold concept demands the conclusion that
the threshold should be independent of psychophysical techniques. This conclusion
is discussed in detail in Section 2.3.

2.2.2 Development of the Theory of Signal Detectability. Military

problems arising as the result of the increased use of electronic devices led
to an interest in the theory of detecting weak\signals in noise. The work
carried out during the war is reported in Iawson and\Uhlenbeck (Ref. 19).
Subsequent work by Peterson and Birdsall (Ref. 26), Fox (Ref. 8) and Van Meter
and Middleton (Ref. 39) incorporates concepts of the theory of statistical
decision into the théory of signal detectability. Careful analysis revéals the
fact that the théory of signal detectability is essentially a theory of behavior
‘which might well apply to human behavior in deteéting Signals. The theory of
signal detectability is the model for the decision-making theory of detection
which is proposed below as an alternative to the threshold theory.

2.2.3 Development of Communication Theory. Shannon's (Ref. 31)

Mathematical Theory of Communication has not been as directly épplied as has the
theory of éignél detectability. Until this application is determined, if indeed
it ever is, the fhedry serves a useful purpose as a guide. For example, the
definition of entropy, and the transmission of information @s\a reduction in
‘receiver entropy, is consistent with the analysis of forced-choice experiments.

A two-alternative, forced-choice expefimént is one in which the source entropy

is one bit per symbol, while the four-alternative experiment hés a source entropy
[ of two bits per symbol. Shannon's theorem on encoding and channel capacity
predicts a smaller érror (in the information sense) for the smaller code for a

given energy per symbol. For the case of orthogohal message ensemblest

1 1. An orthogonal message ensemble is one in which each message is equally-likely
and the probability of detection is the same for each message. Further,

the errors are evenly distributed. Thus for an orthogonal ensemble,(i =

1, 2, <seceeon), P(i) = 1/n, P;j(i) = & for all i and P;(j) = b for all i and
J; 1 # J, vhere a and b are constant.

s such

8
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as those encountered in the simple forced-choice experiment, information error
is directly related to detection error.

2.2.4 Physiological Evidence. Spontaneous activity in the adaptéd

optic nerve has been reported by Granit (Ref. 13), Skoglund (Ref. 32), Kuffler
(Ref. 18), and Fitzhugh (Ref.. 6). This spontaneous activity is similar to
néise, Examination 6f recordings indicate that the ihtervals between impulses
are randbm, and that thé effect of signals might easily‘be duplicated by the
random process alone. Also, the effects of signals sppear to be random, and &
study of these effects show that even'fairly strong signals\may result in impulse
aétivity frequently duplicated by the noise alone. Indications from nervous
'system activity certainly suggest that the problem has all thé aspects of that

of &etecting signals in noise.

2.3 Definition of Threshold Concept

It appears impossible to define the threshold concept in the usual
manner without leaving unstated many of its implications. The definition here
is developed rather than stated with the hope that this.approach will leave
| the reader with a clear understanding of the meaning of this concept to the
authors.

2.3.1 loss of Information in the Decision-Making Process. Woodward

and Davies (Bef; k1) show that the optimum receiver is one which records a
posteriori probability. A device which divides events into classes may discard
this information. rIn other words, if the output of tﬁe receiver contains only

| those events which surpass some cutoff level, an event which is not in the output
is shown only to be in a class which failsbto reach the cutoff. How close

the event came to exceeding cutoff is not known. The information distinguishing

between the members of this class is lost. The same loss occurs if all events

9
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surpassing the cutoff are merely classified in the output as being members

of a class.

2.3.2 Threshold Device as a Decision-Making Device. A threshold

( device is essentially a decision-making device which loses informatipn. It
merely groupé those events which fail to reach the cutoff as members of a class.
| The dnly information contained at thé output of the receiver is that no event
reéching the cutoff had occurred. How close an event came to the cutoff is not

known. All that is known about a posteriori probability is that it is to one

side of some critical value. Any more precise information is discarded by the
threshold device.

According to the threshold concept as it exists in sensory theory,
distinction between members of the class of events on the supra-threshold side
of the critical value is preserved. This is consistent with the observation that
intensity diséfimination:is possible,

2.3.3 The Meaning of a Correction for Chance in Interpreting the

Threshold.- The application of a correction for chance subcesses in a'psycho-
physical exberiment, using as an estimate of the guéésing factor the false-alarm
rate in a yes-no experiment, implies first that the threshqld level is seldom,

if ever, excéeded unless a signal is present. Almost all of the false alarms

are assumed to be gﬁés;es occurring at’some‘random rate in the absence df
information. The guess is as likely‘to occur when an event is far from threshold
a8 it is when an event is just'shérf of threéhold. Gﬁéséing ié compietely inde-

pendént of the level of a posteriori probability upon which it might have been

based had this information not been-discarded by the threshold device.
The same argument can bé used cdncerning the application of the

chance correction to forced-choice data, in which the number of alternativesis

10
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used to determine the guessing factor. Here the justification for the application |
of the correction depends on the validity‘of the following coﬁditions:
1) Information upon which to base a response is present a certain
| percentage of the time. Almost always this information leads to
& correct. response.

2) Only rarely is the threshold exceeded_whgn 8 signal is not
present. Otherwise there would be some cases when these events
(which would lead to yes-no false-alarms) would exceed the
threshold response resulting from the presence of a signal.

If these conditions are not met, the implication is that the observer
has information not indicated by his choice. If, for exauple, the threshold
response due to signal is exceeded by some other event, he makes anrihformationr
determined incorrect response. In this case, according to informatioﬁ theory,
he woﬁld_know his probability of being correct. He would also know that if
he were not correct some other choice would have a greater probability of being
correct than the other alternatives not chosen. Thus, if the second choice in
| & forced=-choice experiﬁent_with three or more alternatives can‘be shown to
.contaih information, then the chance correction and the threshold conditions
| implied by it, must be considered invalid. |

2.3.4 Distinetion between Sub—Threshold and Sgpra-Threshold Events.

i Some experiments use psychophysical techniques which imply that there is a clear
distinction between events which aré less than threshold and events whicﬁ are
greatgr then threshold. The techniques referred to are those which permit the
observer the knowledge that the signal is alwﬁys,present. The decision the
observef is asked to make in these experiments is the level of sensory response

| necessary for him to have confidence that the sighal is present in an experiment

11
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in which he did not have knowledge that it was, in fact, present. Unless the
distinction between events which do or do not reach threshold level holds, it

is difficult to justify such a procédure. Perhaps this procedure can be Jjustified
if thoroughly experieﬁced.obserfers are employed. However, in view of the dafa
reported below showing the role of expectancy (a priori probabilities) and

values and costs, factors which do not necessarily enter at the conscious level,
every,precaution must be employed to eliminate the efféct of the observer's
knowledge of the theory to be tested and his position or ﬁelief with fespect to
thé a priori validity of the theory.l In spite of all this, it is possible that
experienced observers can select consistent criteria as conditions change.

2.3.5 Threshold Variability. - The authors interpret the term

threshold variability as used in the literature to refer to random variation

in the threshold or the sensitivity of the observer as a function of time. Under
this tefm come short-time variations which might lead to the psychoéhysical
function, and longer-term variations which might result from physiological
conditions of the observer. This latter category includes variations which are
a function of the time of day, season of the year, drugs, etc. If the experiment
is performed over a short period of time, too short for physioclogical conditions
to change significantly, then only the short-time variatidn should exist.
Under these conditions, the threshold can be expressed as a random variable with
a mean and a variance.

If the mean and variance of the threshold level are merely functions
of time, then the authors consider this a fixed threshold. If, on the other

hand, thé measured threshold can be shown to vary as a function of knowledge

1. This sentence is not intended to cast aspersions on the integrity of anyone
making such measures. It is rather intended to show that, if he behaves in
the same way as those he studies, he must perform an exceedingly difficult
task in order to control for variables ordinarily crucial to the Jjudgement.

12
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parameters, particularly the & priori probability of signal occurrence and the
|values assigned to the four possible results of a yes-no decision, then the
concept of a fixed threshold may be rejected. It is the authors' 6§inion that,
in the past, most experiments have been conceived iﬁ terms of a threshold which

is fixed according to the definition given above.

2.4 An Alternative Theory; the Decision-Making Theory of Detection

The bases for the alternative thgory are the recent developments
in the theory of statistical décision, or the theory of testing statistical
|hypotheses, and the mathematical theory of signal deteétion. For an adequate.
treatment of the mathematical developments the following are recommended:
Peterson, Birdsall, and Fox (Ref. 26) for the theory of signal detectability,
énd Wald (Ref. 40 ) and Bross (Ref. 3) for statistical decision theory. For
the application of these mathematics to the sensory detection problem the
reader is referred to Tanner and Sweﬁs (Ref. 38) and to Swets, Tannér, and
Birdsall (Ref. 35) who treat the visual case of the signal-known-exactly. The
application to the auditory case is exactly the same as the application to
vthe'visual case. Because of the ideﬁtitylof the two cases, and because the
visual application is available elsewhere, the treatﬁent below attempts to

present only the essentials.

2.4.1 Basic Assumptions.  Certain of the assumptions involved
in applying the ﬁathematics of decisibn-making to the broblem of sensory
detection’are of such direct relevance as to require explicit expression.
These are listed belo# as postuiates. Includedramong these are some assumptions
that, althouéh general té the problemkbf making decisions, are regardéd as

worthy of mention in this connection, these comprise the first three postulates.

13
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Postulate 1: An individual, in meking a decision, .chooses one
alternative from a finite set of alternatives.

Postulate 2: There is assoclated with each alternative in the set
an a priori priori probability greater than zero.

Postulate 3: The sum of the & priori probabilities associated with
the alternatives in the set is one.

In the interests of continuity of presentation of the sensory-detection
problemn, thesé‘more‘general postulates, applicable to -decision making in any
Context, and the reaéons for including them here, are elaborated in the appendix.
The remaining postulates are specific to the sensory-detection problem; these
are discussed along with their presentation.

In the sensory detection problem, the set of alternatives considered by
the observer in the decision process is fhe set spécified in the experimental
|design. The alternatives in this set are related to the existence and nature
of signal events which may occur in the environmént and impinge upon receptor
organs. In terms of the experimental procedure, each of the alternatives is
presented to the observer several times; each time the observer is asked to state
lwhich alternative occurred.

Postulate 4: Information concerning the end organ activity, that

results from the alternative that occurred in any given instance,

is transmitted over the sensory systems to higher centers, where

it combines with a priori information to serve as the bas1s for

‘the decision.

Postulate 5: The information transmitted by the sensory systems takes

the form of a number or "measure", x, that is descriptive of the '

alternative that occurred. The members of the set of possible measures
lie along a continuous axis.

This axis is called a decision axis, since the numbers on this axis constitute

the Sensory basis for making decisions. Although the sensory information

transmitted as & result of the occurrence of any alternative is undoubtedly

‘ complex, it can be described by a single number. For no matter how complex the

1k




—  ENGINEERING RESEARCH INSTITUTE < UNIVERSITY OF MICHIGAN —

informational event, it can e represented by e point in an n-dimensional space.
This space, in turn, can be mapped onto a\liﬁe\by the simple expedient of
considering a single, but‘sufficiently descriptive property,_of'each informational
| event represented in the space, namely, the probability that thé event will
result from each of the possible altefnatives; This conception is»particularized
in the next postulate.

Postulate 6: There is an hypothesis associated with each alternative

in the set.. The hypothesis is the conditional probability density

function that yields the probability that the measure x results when
the alternative exists.

The theory of testing statistical hypotheses is a special case of the
mathematics of decision-making. The predictivg'power that stems from applying
'theseﬂmathematicé to sensory problems has‘its basis in therfollowing assumption.
Postuléte Tt The human observer, in choosing one alternative from a

set, or equivalently, in deciding which one of a set of statistical
hypotheses to accept, uses an optimum process.

Several implications‘of this postulate have been supported in psychqphysical
tests'involving fixed observation intervals. It has been demonstratgd, for
examble, that the human observer attemptipg to deﬁect viéual signgis is capable
of performing in accordance with'each of fi&e different definitions of optimum
(Ref. 35). Some of thesé definitions of optimum concerned decisions between
the two hypotheses of.a yes-no fest; others applied to decisions among the four
‘hypotheses involved in four-alternative, forced-choice test. -Becaﬁse of the
relatiyely lérge Body of evidence existiﬁg in the visuasl case, there has not been
a comprehensive attempt to test implicates of Postulat¢_7 in the éuditory case.
An auvdition expériment reported in Section 2.6; however, shows the’human/observer
-to be capable of approachiﬁg the behavior specified by a sing}e definition of

‘optimum for the two-hypothesis test. In another paper, audition experiments are
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repofted in which the observer's decision behavior compared favorably with that
specified as optimum in two variations of the three-hypothesis test; ih one of
these the set of’aiternatives consisted of Signal 1, Signal 2 (of a different
frequency) and No Signal, whereas in the other the Qbserver decided among the
three hypotheses associated with a three-alternative, forced-choice-in-

time task (Ref. 3k ).

The next postulate is, in one sense, specific to thé sensory decision
problem in which the alternatives are distinguished only by differences in signal
power.,

Postulate 8: The average value of x (the measure on the decision axis)

for any hypothesis is a monotonic increasing function of the signal

power of the associated alternative.
The word "average" is used in this postulate because it is believed that a
constant value of the measure will not result from the occurrence of the "no-
signal" alternative.' Rather,_variatibn in the measure as a fﬁﬁction of/time will
be the rule. That is to say, the sensory channels are noisy; they contribute.
unwanted , randém components to the sensory information that are not qualitatively
distinguishable from the components resulting from environmental signals. And
sd, the next postulate:

Postulate 9: The measure entering the decision when the "no-signal",
or 'moise-alone", alternative occurs is a random variable.

The nine postulates listed above are basic to the applicétion of the
mathematics‘of decision-making to éensory detection and recognition problems.
This statement should be qualified to the extent that Postulates 8 and 9 are
restricted to certain sensory problems. fostulate 8 does not'épply exclusively

.when, for example, the decision is a choice among two signals differing in

16
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frequency, the case studied by Tanner (Ref. 36). It does, however, apply
wﬁen in certain instances when the "no-signal" alternative is not in the observer's
sét. This last statement is not true of Postulate 9.
Certain other assumptions made are tentative; they are made because
| some assumptions of this type are necessary if calculations of aid in prediction
are to be performed. Thus,‘Postulates 10and 11 below are not in the specific
form‘they take here, essential to the application of decision-meking theory to
sensory détection problems.
Postulate 10: The conditional probability density function (the
distribution of measures along the decision axis) of any signal
alternative results from adding a constant to the density function
- of the "noise-alone" alternative.
The density function of the "noise-alone" alternative will be called the noise
distribution, or simply, N; the density function associated with a signal will
be called the signal-plus-noise distribution, SN. The important consequence
of Postulate 10 is that N and SN are of equal variance. The size of the
constant which is added to the noise distribution‘by a signal is determined by
the functional relation of the measure and signal power. This relation is only
specified as monotonic increasing (Postulate 8); it can be determined more

precisely from the experimental data.

Postulate 1%: The distribution of measures of noise alone on the
decision axis is & Gaussian distribution function.

This, with Postulate 1Q implies that the hypothesis associated with any
alternative is a Gaussian distribution function with a variance equal to noise
variance. This concept is depicted in Figure 1. The conditions of this postulate
are met if there exists a monotonic transform of the measured variable into a

| decision variable which meets the conditions of Postulate 11l.
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In order to illustrate the restriction so placed, assume that the measured
variable ié a product-moment correlation bounded by the vaiues -1 and +1.

A transform of this axis is Fisher's Z. Experiments of the type reported below
describe the decision axis as if the measures were in terms of Fisher's Z
whether or not this is in fact the axis.: The actual decision could be made on

a correlation axis, or an energy or vdltage term which would specify the
correlation whether or notvthis correlation is determined. Thus, the assumptions
of normal statistics and equal variance are good aséumptions if any transform

of the measured variable approximatés the conditions.

2.4.2 Definition of d'. To summarize, we have assumed that the absence

of a signal results in a distribution of values of the nmeasure on the decision
axis. The addition of a signal simply moves the mean of this distribution to
some greater value of thb measure. lLet d' be defined as the difference between
the means of the noise and the signal-plus-noise distributions, divided by the
standard deviation of the noise distribution; that is,

Moy - M

N

It may be noted that 4' is a dimensionléss quantity; it does not, for example,

refer to ény neural quantity, but is simply a number associated with each signal.

2.4.3 The Determination of a d' in a Forced-Choice Experiment. In

order to determine a value for 4! it is necessary to describe how the observer's
behavior is conceptualized. In the forced-choice task the observer listens in
n time intérvals, onl& one of which contains a signal. The observer's task

is to say in which of the ﬁ time intervals he believes the signal to have been
‘presented. Conceptuélly,‘it;is supposed that the observer takes a measure

X, in eaéh of the n intervals and selects the temporal interval in which the

largest value occurs.
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It is intuitively obvious that if the signal produces a large shift
in the noise distribution, the probability that the largest value of x will be
. obtained in the interval that contains the signal is also large; In particular,
the probability that the observer will choose the correct interval is a monotonic
function of 4°'.

For the case of Gaussian distributions, with equal variance for all
hypotheses, the probability of a correct choice in a four-alternative, fofced-

choice situation is given by Eq 2.

Pe) = [ [F)] 3 glx) ax @)
where F(x) is the area of the noi;: distribution to the left of x, and g(x)
is the density function duve to signai-plus-noise. It may be noted that, since
the signal-plus-noise density function is simply the noise density function
shifted by d' (i.e., g(x) = £(x-d%) Equation 2 is actually a function of d'.
Thus d' may be defined in a forced-choice experiment by simply determining
& percent correct for some signal power and then using Equation 2 to determine

d'. The graph of d' versus percent correct is shown in Figure 2.

2.4.4 The Determination of d' in a Yes-No Experiment. The

determination of 4' by a forced-choice methodology is not the only method
available. The decision-making theory gives an explicit description of the
inferred behavior of an observer in a yes-no experiment. In a yes-no situation,
the observer presumably takes a measure X in the obsérvation interval. His
task is that of testing statistical hypotheses; he must decide whether x is more
representative of éignal-plus-noise or noise alone. In many respects, this is
similgr to the problem a researcher faces when he must decide'whether a result

is attributable to the manipulation of the independent variable rather than

to chance. The first step is to determine a critical region, that is, a set
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of values not likély to occur as a result of chance fluctuation. Analogously,
according to the theory, the observer sets a cutoff level such that if a value
of x exceeds this level he will report the.presehce of & signal, and if the
value is less than this amount he will report that no signal exists. Consider
any point on tﬁe degision axis at which the observer wiil accept the signal
alternative. Then for every value on the decision axis greater than this
point he should clearly accept the signal alternative, by the sixth postulate.
Thus the determination is essentially the establishment of a c¢utoff level.

The assumﬁtion, which might well havé,been a part.of the postulate set, is made
that the observer is rational; that is, if in the course éf an experiment
’characterized by a single cutoff level, the same measure occurs more than once,
the same behavior will result on each occurrence.

Where the cutoff point will be established depends upon the values and
costs in the situation, the a priori probability of the signal and the magnitude
of the signal. These factors and their determination of the cutoff will be
discussed in the next section. First consider’how a particular choice of the
cutoff determines the conditional probability of saying "yes" when there was
no signal, PN(A), and the conditional probability of responding affirmetively
when the signal is in fact presénted, Pgn(A). The subscripts SN and N hefev
refer to whether signal-plus-noise or noise alone was present.l The A may be
read "Acceptance of the signal alternative." It is intuitively clear that for
8 very strong signal (i;e., a signal which ylelds a large d'), theré exists a
cutoff such that the associated PSN(A) is large and Py(A) is small.

The cutoff value determines a point on the decision axis such that

all values above this point will be accepted. Thus

1. SN and N may conveniently, and without confusion, refer both to the
distributions along the decision axis, as stated earlier, and to events
comprising the occurrence of g signal or noise alone.

22




ENGINEERING RESEARCH INSTITUTE + UNIVERSITY OF MICHIGAN —

+00
P (8) = [ £(x) ax (3)
X=C
and +00
Pey(d) = | g(x) ax (4)
X=C

| where £(x) is the Gaussian density function of the noise and g(x) = f£(x-d'), or
the density function of the signal—plué-noise,vahd where ¢ is the cutoff value
of x. It is instructive to consider the relation of PN(A) and Pgy(A) for various
valueé.of the cutoff: These relations are plotted on Figure 3 with d' as the
parameter. It may be seen from this éurve thét Py(A) and PSN(A)Vare not
independent. Further, from the different values of 4' plotted it may be seen
how an inérease in the signai power effects the two probabilities. This curve
was recommended by Peterson and Birdsall (Ref. 26) and is called the Receiver
Operating Characteristic (R.O.C.) curve. If the axes afe plotted on probability
scales the curve is a straight‘line. This is shown in Figure k,

By inducing the observer‘to shift his cutoff level, several values
of PN(A) and Pgy(A) may be determined. A straight line through these determined
values, when plotted on probability paper, then detérmines a value of 4!
associated with a éiven‘signalvenergy. If the experimentally determined points
actually fall ﬁear 8 straight line, this indicates the reasbnablenéss of the
eleventh pqstulate. Further, a compérisbn of the values of d' determined in the
forced-choice and yeé-no methodology'for a given signal\pbwer provides a.method
of checking the internal consistency of the theory.

2.4.5 The Determination of the Cutoff Point. In the previous sections

it has been observed that for each value of signal power there is a corresponding
a'. This 4' in a yes-no situation determines & series of values of PN(A) and
PSﬁ(A). The bbservér, by establishing a certain cutoff point, selects from

‘these many possible values a particular pair of values for Py(A) and Pgy(A).
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Given a definition of optimum, it is possible to specify what value of the
cutoff is most advantageous for each situation. The type of optimum which

the authors feel is most reasonable for an observer to adopt in this situation

is a procedﬁrg which maximizes the expected value of the response, expected value
being definédras the product of the probability of an event and the value
-associated with the event suﬁmed across the possible everits. In a yes-no
experiﬁent there are four possible events or outcomes of‘the decision. Listed
 below is the notation used to specify the probability of the event and the

‘value associated with each event.

Event: Notation for Probability Value or Cost
of the Event Associated with
the Event
If the signal is presented, the PSN(A) Van-A

observer says "yes"

If the signal is not presented, P, (ca)* Var.
7" " N N CA
the observer says "no

K

If the signal is presented, the ’ Pay(ca) ~Veneca™ Kay.ca

observer says "no"

If the signal is not presented, Py(a) ~Vy.a = Ky.a
the observer says '"yes"

For an incorrect response, a negative value is assigned as indicated in the
table. Thus, in any yes-no experiment the observer is presented with four
numbers representing the values and costs of the various outcomes of a response.

This is called the risk function. It is intuitively obvious that if the value

associated with saying "yes" when the signal is presented (VSN-A) is very lafge
and the other three‘values are eqﬁai; then it is advantageous to adopt a liberal
cutoff point. This'will achieve a large probability of saying "yes" when the
signal is presented, Pgy(A), but, of course, increases the probability of

saying "yes" when no signal is presented, PN(A). This may be seen in Figure 3.

* CA denotes the converse of accepting, that is, saying "no".
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| Nevertheless, because -of the large value associated with Pgn(A), this would
achieve the greatest overall gain.

Another important determinant in the edoption of the cutoff point
is the a_priori probabili#ylof the signal beiné presented. Consider a situation
| in which the four values in the risk function are all equal. If the observer
is told that tﬁe signal will be presented in ninety percent of the trials it is
clear that he should set a liberal cutoff point. This is true because although
the values and the cosﬁs are the same for all responses, there will simply be
more times when the signal is presented and hence more opportunitiés for the
observer to say."yes" when the signal is presented. If, in this same situation,
the dbserver is told that the & priori probability of the signal is one tenth,
ﬁe‘should adopt a very conservative cutoff., Peterson and Birdsall (26) havé
~derived a determination of the cﬁtoff point so that the expected value of the
fespdnse is maximized. Specifically, maximizing the expected value is equivalent

| to requiring that

Pgy(4) - B Py(A) is a maximum (5)
where
B = 1 - P(sN) VN.ca + Kn:A and
P(sN) Van.a * Kay.ca

where P(SN) is the a priori probability of the signal occurrence. f may be
shown equal to the tangent of the ROC curve (Figure 3) at’the point of optimum
behavior; thus, the value of P can be used in a graphic determination of the

PN(A) anvaSN(A) the observer should maintain to maximize the expected value.

2.4.6 TImplications of the Decision-Making Theory. One of the
immediate implications of this theory is that the observer must have knowledge
bf the signal to perform optimally in a yes-no experiment. Consider a situation

where the values and a priori ﬁrobabilities have been assigned. Theée numbers
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"deternmine a . However, as shown in Figure 3, the amplitude of the signal,
together with the value of B, determines the oﬁtimum values of Pgy(A) and
Py(A). Thus, the observer must be well acquainted with the amplitude before
he can be expected to behave optimally. OSince this type of situation demands
a complete knowledge of the physical parameters (i.e., frequency, amplitude,
starting time and the duratioﬁ’of.thevsignal),Peterson and Birdsall have
termed it "signal-known-exactly". In this type of situation, Peterson and
Birdsall have determined that a mathematically ideal receiver could; at bést,
; )2

obtain a (d')° equal to twice the signal energy divided by the noise power

per unit bandwidth. That is,

(d )2___2]3

1

opt TN
D N

The observers'! approach to the optimim d' in a yes-no experiment is discussed

in Section 2.8 below.

2.4.7 An Experimental Comparison of the Two Theories. One of the most

direct ways to compare the decision-making and threshold theories is to
investigate the relation of Py(A) and Pgy(A). The threshold theory assumes
| that a change in the false-alarm raté, Py(A), mefely reflects a change in the
téndenéy to guess. It may bé remarked that the threshold theory assumes that
’Pﬁ(A)iis usually a small number. Since these guesses are regarded as occurring
at the same rate when a signal is presented and when no’signél is presented,
PN(A) may be taken as an index of the probability of a guess occurring.

let the probability of a correct "yes" response be p', the probability of
a true, "sensory-determined" "yes" response,p,and the probability of a correct

‘guess,c. Then according to threshold theory, we may write the rational equation

p' = p+ c(1l-p); (7
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the total probability of a "yes" response is equal to the probability of
8 sensory-determined positive response plus the probability of a correct guess,
the latter occurring only on trials when the signal is not "heard" aﬁd therefore
modified by (1-p). This equation may be expanded to assume the form

P! = p+c-cp. (8)
According to one of the first rules of probability theory, the probability
of the union of two events, in this case the probability of a correct "yes"
response of-either kind,l(p'), is equal to the probability of one plus the
probebility of the other (p+c), minus the probability of the joint occurrence
of the two events. The probability of the joint occurrence of a sensory-
determined positive response and a correct guess is seen by Eq 8 to be equal
.to‘the product of theirzrespéctive probabilities, and hence, by an elementafy
rule of probability, the correét guesses and "sensory-determined" responses
are independent events. The validity of the use of the correction for chance

or guesses depends upon this independence, since.the correction formula

p = 2=, (9)

is simply a transformation of the rational equation, Eq 7.

The percentage of correct "yes" réSponses may be used as an estimate
of p', or of PSN(A) in the decision-making theory notation, and the percentage
of "yes" responses when no signal was presented may be used as an estimate of
¢, or Py(A). It can be seen from Eq 7 that, according to threshold theory,
PSN(A):and PN(A) are linearly related. Figure 5 shows this relation graphically.
The parameter of this graphiis P, the probability of a "sensory-determined"
| positive response. This p should become larger as the signal intensity is
increased. If the chance correction is applied to the points along aﬁy of the

lines in Figure 5, the resultant line will be horizontal, demonstrating the
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assumed independence of PN(A) and Pgy(A). Figure 6 shows the same graph as
Fiéure 5, with probability axes. Figures 5 and 6 may be compared with Figures

3 and 4 to contrast the two thepries. One test of the two theories is to induce
the subject to vary the percentage of "yes" responses given when no signal is
presented. The shape of the plot of Pgy(A) versus PN(A) plot should distinguish
between the theories.

A stronger test of the theories is obtained, however, by determining
the correlation of ¢ and p. As discussed above, the threshold theory assumes
that the proportion of "éénsory-determined" correct "yes" answers and the guessing
factor, c, are indepehdent. Thus, in the situation where the observer is induced
to change the percentage of "yes" responses given when no signal is presented,
the threshold theory must claim that no relation will exist‘betweeh p and c.

The decision-making theory does not recognize a "sensory-determined" cbrrept
answer since the theory does not recognize a threshold, as usually conceived.

‘One might take a curve such as Figure 3, the theoretical ROC curve for
the decision-making.theory, and uée Py(A) and Pgy(A) aé values for c and p°
respectively in Equation 7. By solving Equation 7 for p, one would See a
correlation between p and c. That is, the decision-making théory does not hold
thét,a false "yes" response reflects a guessing mechanism which works independently
of thg detecting mechanism. Thus, according to the threshold theofy)c and p -
will show no relation, whereas according to the decision-making theory a
relation should exist. The decision-making theory alsb predicts that the d°
obtained in the yes-nb experiment is the same as one estimated from the forced-
choice experiment where thevsame signal power is employed. No attempt'is made
in this paper, howevef, to demonstrate that the estimates of 4' from yes-no

and forced-choice experiments are identical for all values of signal power.

Rather the emphasis in- this paper is placed on the demonstration that the
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observer can apparently shift the cutoff value to various values, and does not

have a single sensory threshold in the usual sense of the word.

2.5 Experimental Procedure

Two types of experiment are employed. In the yes-no experiment the
observation interval is definedrfor the observer by the flash of a 1ight. The
observer is then asked to state whether or not a signal existed. In the forced-
choice experiment, the light flashes four times, marking four intervals. The
' signal‘is known to exisf in one of four intervals; and it is the»observer's
taskAto state in which of the four intervals it occurs.

| The exéeriments are programmed by N. P. Psytar (Ref. 28). The title
of the apparatus is a condensation of the phrase Noise gregrammed Egzehological
Tester and Recorder. The machine programs the experiment by sampling a noise
source; if»the voltage of the sample exceeds a specified value,.a thyratron is
triggéred(and‘a signal is presented. The probability of the voltage triggering
‘the thyratron is controlled by regulating the bias level on the thyratron.

In the yes-no experiment; if thevéhyratron is triggered the signal
is presented, if not, noise alone is presented. In the forced-choice experiment,
where it is desired to have each of the intervals equally likely to contain
- the signal, the first interval is set at a probability of .25. If’the thyratron
trlggers, it blocks the sampllng of the remalnlng intervals. If not,‘the
probability of the second interval triggering is .333. Again, triggering blanks
the remaining intervals. The process is repeated, with the.third interval set
with the conditional probability equallto .500, and thé fourth with the

conditional probsbility equal to 1.00.
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The presentation information is transferred to an answer circuit.

The observer indicates his answer by pushing a button. If he pushes the correct
button, the answer is recorded either as a correct "yes" or correct "no" answer
in the yes-no experiment and he is informed of the correctness of his answer

by the’flash of a light. In tﬁe forced-choice experiment he again' answers by
pushing a button. If he is correct, it is merely recorded as a correct answer,
and again he is informed by a flash of light.

The observer has before him a set of three lights which inform him of
the progress of the expériment. The first light is a warning light. When this
light blinks the observer knows a test cycle is beginning. The second light
blinks in coincidence with the four observation intervals in a.forced-choice
experiment or the single interval in & yes-no experiment.» The last light is an
answer light. When this light is on, the observer is expected to record»his
answer by means of his answer buttons. The answer buttons record only during
the time the answer light is on, and only the first buttén pushed ‘during this
time is recorded. In othef words, once the observef pusheéja button during
the answer period, he has comitted himselfkto an answer, and fhe correcﬁness
information is fed to him.

2.5.1 Randomness of N. P, Psytar. One of the purposes of construct-

| ing N. P, Psytar in the manner described is to achieve an automatic programming
device which offered the possibility of achieving trial cycles which are indeed
indeﬁendent. Proof of such an achievement is virtually‘iméossible through the
gpplication of any reasonable statistical technique. The problem can be restated
in this fﬁshion: the null hypothesis is easier to reject than accept. Iarge
numbers of trial cycles have been run, foliowed by correlation analysis. The

resulting distributions look not unlike those.which‘one would expect if

3k
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independence exists. This observation, along with the logical argument

that the programming is achieved by sampling a noise. source, presents & strong
argument for accepting the independence of the trial cycles. The logical
argument is necessary to the total argument which leads to a conclusion
amounting to the acceptance of the null hypothésis.

2.5.2 ©Signal and Noise Generation and Measurement. Throughout the

experiments conducted, one of two signal sources is employed. These are Hewlett-
Packard audio-oscillators, models 200-AB and 200-I. Two different noise sources
were also employed, a General Radio 1390A random noise generatbr and a Scott 81l1A |
random noise generator. In any single experiment, however, neither the signal
generator nor the noise generator is changed.

A block diagram of'the signal and noise circuits is shown in Figure 7.
The signal from the audio oscillator is fed into a gate circuit, the output of
which is fed to an adder. The gated signal starts at zero voltageland contains
an integral number of cycles. From the adder this is‘fed to & Williamson
amplifier, and then to the observers' PDR-8 earphones. The noise free signal
at the input to the obéervers' PDR-8 earphones is compared with the acoustic
output using a 6 cubic centimeter coupler.

The noise is fed from the noise generator to the adder, to the
Williamson émplifier, and then to the earphones. All measurements throughout
the experiments are made at the input to the earphones. The signal is measured
on a Hewlett-Packard 4YOOB average reading voltmeter calibrated in RMS voltage,
while the noise is measured both on the 40OB, and on a 400D with a 160 cycle
bandpass filter in the circuit leading to the hOOD.. The purpose of the dual
measure on the noise is to permit detection of spectrﬁm changes. A measure
of the overall power of the noise varies with spectrum changes, and consequently

| is not a good indication of noise power per unit bandwidth (denoted hereafter
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as No)’ N, 1is the more significant of the two measures. Actually, the only
spectrum changes in the noise occurred between'experiménts using different
noise sources. Thus, the measurement of Ny is of further importance in permitt-

ing comparison of results from different experiments.

2.6 The Experiments

2.6.1 The Relation Between Pgy(A) and Py(A). Two observers were

employed. Only one signal level and one noise level were used. Forced-choice
experiments and yes-no experiments were conducted at this signal level. The
forced-choice results are presénted in Table I and the yes-no results in Table II.

Four-alternative, forced-choice experiments were used. Appfoximately
one hundred observations were‘made without interruption. The obtained percentage
correct was converted to d; by Figure 2. The last row is the average over the
sessions and'therefore représents the best estimate of d'. The observers were
- paid 1/2 cent for each corfect response in the forced-choice experiments.

It should again be noted that there are four events which may occur
in a yes-no experiment. (Thesg are listed on page 26). The values and costs
for the four events were held constant through the experiments, each at one
cent. The & priori probability of the signal occurrence was announced before
each session} The & priori probability for any session may be seen in Teble II.
Two sessions were conducted at each of five values of a priori probability, with
300 oEservations being made in each of the ten sessions. It can be seen that
the observers changed the percentage of "yes" responses when no signal was
presented in accordance with the announged a _priori probability of the signal.

As a matter of fact, the rank-order correlation between PN(A) and B (seévK 5)
is equal to unity in the case of each obser#er. If, in addition; c and p as

defined in Eq T are found to be highly correlated, the observers' use of the

optimum process in deciding between the two élternatives”is demonstrated.
37




TABIE I

Observer 1 Observer 2
No. of Proportion Proportion
Observations Correct at Correct a!
99 .62 l.22 .58 1.09
99 .55 1.00 ite} .80
99 R 1.28 .63 1.26
Totals 297 .60 1.16 .55 1.03
TABLE II
~ Observer 1 Observer 2
A priori r —- > ’ . ~
. of Probability P (A) PSN(A) Py(4) Pey(4)
Observations of a Signal N
P(SN)
300 .10 .05 A7 .13 .37
300 .10 .02 .29 .05 .29
300 .30 .10 .58 .22 .53
300 .30 .15 .59 .19 148
300 .50 .34 .75 U6 .82
300 .50 37 .69 .34 .60
300 .T0 .53 .83 .5k .78
300 .70 A7 .83 .50 .79
300 .90 CTh .95 .59 .88
300 .90 .85 97 .79 .95
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Figures 8 and 9 present the estimated Py(A) and Pgy(A) for the yes-no
experiments. Three hundred observations were used to determine each ekperimental,
éoint; -On probability axes, the decision-meking theory predicts the experimental
points should fall along a straight line, having a slope of’one if the
assumption of equal variance of noise and signal-plus-noisé distribution is
valid. The interception of this line and the scale of 4' along the ordinate
represents the detectability of the signal. 'It should be remembered that the
signal power was constant throughbut the expgriment; only tﬁe a _priori probability
of thé signal was varied. The family of curved lines represent the expected
form of the data assuming the " threshold theory. One of the lines shouid
tﬁeoretically fit all the data.

It is aﬁparent from Figures 8 and'9 that the decision-making theory is
more successful in representing the form of the yes-no data. In each case,
the points are well fitted by a straight line. The pbinté in Figure 8 are
best fitted, however, by a line with a slope of less than one. Such a slope
would be predicted by the decision-making theory if tﬁe variance of the signal-
plus-noiée distribution increased with increases in its mean. it may be noted
that the estimates of d' from the yes-no data, assuming equal variance, are
very similar to the ;stimates of a' from the forced-choice experiment; 1.16
compared with 1.16, and 0.92 compared with 1.03 for the two cbservers.

The final test of the two theories is to determine the correlation
bgtween cand p of Eq 7. The rankéofder correlation was .91 for Observef 1
and .94 for Observer 2.. Both correlations are highly significant, having
associated prdbabilities of much less than .00l1. The magnitude of this
correlation strongly suggests that tﬁe threshold theory is incorrect and

supports the decision-making theory.
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2.6.2 A Becond Experiment. The results of the experiments do not

demonstrate that a threshold does not exist. Théy merely demonstrate that, if
a threshold exists, it is much lower in terms of the noise distribution than
had been previously assumed. It is interesting fo speculate on how low a
threshold must be, to be consistent with the data reported above. An
experiment employing the forced-choice method was performed to supply at least
a partial answer to this question.

Accordingito the decision-meking theory, the observer in a four-alternative,
forced-choice experiment orders the four,measures taken during the four time
intervals and selects the largest as most likely to represent the signal. Since
we are attempting to determipe how low the threshold must be, if it exists, a
logical question £§ ask is what would happen if the observer is asked to pick
an interval in which the signal did not occur. Thus, in this "try-to-be-wrong"
task, the observer should select the temporal interval in which the lowest value
of the measure occurs. Predicted‘perforﬁance can be determined under the
assumption of a complete ordering of the valués, that is, no threshold, or &
threshold located at minus infinity with respect to the noise distribu‘tion.l
The percentage correct in the "try-to-be-wrong" experiment is obviously &
function of the detectability index (d') of the‘signal. The predicted behavior
assuming complete ordering is‘shown by the curve in Figure 10 labeléd number
3. Since the probability of a correct response in a "try-to-be-wrong" experiment
is the probability that one drawing from the’signal-plus-noise distribution
is a smaller value than the smallest of three drawings from the noise distribution,
curve 3 is simply é reflection of curve 1, the curve presented on linear axes

in Figure 2.

1. The equal variance assumption is critical. In an earlier paper (Ref. 35)
a different assumption led to results which fitted data better, and the
same might be the case here.

L2
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According to the conventional threshold assumption, that a threshold
‘exists that is rarely exceeded by noise alone, the probability of being right
in thev"try-to-be-wrong" experiment may be obtained as follows. From Eq 7,
the probability of a correct response in a four-alternative, "try-to-be-right"

experiment is 1
P(e) = p'=p+ g (1-p). (10)

Now, the observer can choose an interval in which the signal did not occur with
at least probability p, the probability that the sensory response to the signal
exceeds the threshold. The threshold is not exceeded on avgiven trial with
probability (1-p); on such a trial the observer chooses randomly among the
four intervals, and hence chooses an interval which did not contain the signal
with probability 3/h (1-p), and the interval which contained the signal with
| probability 1/4(1-p). This latter probability, the probaﬁility of a correct
responée in a "try-to-be-wrong" experiment under the threshold assumption, can
be shown to be equal to 1/3(1-p') or 1/3(1-P(c)) by solving for p in Eq 10
and substituting this solution for p in 1/4(1-p). Thus, according to the
threshold assumption, the probsbility of & correct response in a "try-to-be-wrong"
experiment is one third therprobability of an incorrect response in a "try-to-be-
right" experiment employing the same signal and noise levels. The plot of this
probebility against signal strength is also shown in Fig. 10.

Using these two curveé it is possible to compare the two theories
by employing a signal that produces some determinate probability of a correct
answer in an experiment where the observer is attempting to identify the interval
in Whigh the signal, in‘fact, occurred. Then, for each probability in this
"try-to-be-right" experiment, a prediction can be made on the basis of each

theory as to the expected percentage correct in the "try-to-be-wrong" experiment.

Ly
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Six observers were used in this experiment. The signal was a 1000
cps tone .1 second in duration. Constant signal and noise powers were employed
throughout the experiment. 1In the first part of the experiment, the observers
were asked to try to identify in which interval the signal occurred. This
permitted the determination of a d' so that the results of the "try-to-be-wrong"
experiment could be evaluated. 100 observations wére made on each trial session.
These were run alternately, first a session in which the observer attémpted to
be right and then one in which he attempted to be wrong. The points on the graph
are the results obtained from the observers in the "try-to-be-wrong" experiment.
They are placed on the graph directly below the point on thé top curve which
indicates the corresponding percentage correct in the "try-to-be-right"
experiment. Approximately 300 observations define each point.

One factor which would greatly effect the results is the distribution
function of the signal and signal-plus-noise. If the distribution of noise
alone were not Gauésian, this would change greatly the shape of the third curve.
Secondly, the curve predicted by the complete ordering hypothesis is an ideal
éﬁrve. That is, in order to attain the hypothesized curve the mechanism must
be able to take four measures, one in each interval. It must store these
measures in a perfect memory device and be able to order these stored measures
perfectly no matter how small the differences in these measures are. Any
variance introduced by extraneous factors, such as lack in attention or the
like, will’prdduce data points that fall higher than the lowest curve of
Figure 10. When these facts are taken into consideration, the data indicate
that something close to complete ordering is being accomplished, since five
of the six points fall below the line predictedby the conventional threshold

theory.
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2.6.3 Summary. The two experiments reported above indicate that the
assumption of a fixed threshold that is high enough to be exceeded only rarely
by noise alone in invalid. These two expériments are considered sufficient to
establish the need for a theoretical alterna#ive to the threshold theory of
auditory detection, and to support the particular alternative presented,
since the alternative theory has been substantiated more thoroughly in another
sensory modality, that of vision. Thus, the testing procedures and data
analysis procedures employed to obtain and summerize the data reported below
are those dictated by the decision-meking theory of detection as discussed in

‘this section.

2.7 Problem in Precise Definition of 4!

In the visual studies (38),d' varies as the square of the increment
in signal EQHEE! In the auditory work, d! varies as signal power raiséd to a
power somewhat greater than one. This isfdemonstratéd by a set of data shown
in Fig. 11. In both the auditory and visual experiments the exponen£ should be
1/2 if the model for the signal-known-exactly applies. According to this model,
that is, d' varies proportionally with signal voltage. If d' is properly
| defined in the psyéhophysical experiment (if the observer does, in fact, knpw
the signal exactly), the observed d' should vary with voltage in the same fashion.
Peterson and Birdsall treat a number of specific cases for.signal detection,
and in each case the removal of information (phase, frequency,‘time, etc.) results
in a detectability index fhat is nonlinear with voltage for low signal strengths.
In the auditory case, some work has been done indicating that it is likely that
the assumption of known phase, and of no uncertainty in frequency, accoﬁntforthese
deviations; that is, if d' is defined by a model assuming something less than
exact information, the observed d4' will very in the same fashion with signal

strength as the theoretical d', These results will be reported in a future paper.
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2.8 Observer Efficiency

The ratio %E (see page 28) in these experiments is approximately 9
o
based on measurements at the output of the earphones. The observer's d' can be
interpreted as the /%ﬁ,necessary to lead to the observer's performance given

o}

a mathematically perfect device. The ratio of (d')2 to ZE is thus a measure

No
of observer efficiency. For these experiments, the ratios for the two observers
are approximately .16 and .1l respectively. Roughly, this performance represents

a decrease in effective value of %% of approximately 8 db from the effective

value for the mathematically perfect device.

The performance of the mathematically perfect device is predicted on
the basis of & filter matched to pulse duratioh, in this case a filter 10 cps
wide. If the filter were increased by approximately six times in width, the total
noise power at the output of the filter is increased by approximately 8 db, a
result which would match the observer's performance, and further compares
favorably with Fletcher's estimate at 1000 cycles. However, the result that 4!
varies as signal power raised to a power suggests that at high signal levels
the same type of celculation woﬁld lead to narrower estimates of bandwidth.
Therefore, the problem is to arrive at a method for estimating bandwidth
which appears independent of signal power. An attempted solution is presented

in the next séction.

3. THE NARROW-BAND PROPERTY OF THE AUDITORY MECHANISM

Three experiments were conducted in an attempt to determine whether
there exists an auditory band of attention as suggested by the work of Fletcher
(Ref. 7 ) and Garner (Ref.12). The problem dealt with in these experiments -

- 1s whether or not the human observer is able to listen to a certain small range
of frequencies to the exclusion of other frequencies.
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The statement of this problem does not preclude the possibility that
the auditory mechanism has the properties of a wide-band device as well as the
properties of a narrow-band device. Evidence from neurophysiological studies
suggests strongly, as a matter of fact, that the auditory system is such a
dual mechanism. Galambos and Davis (Ref. 11) found receptors in the cat that
react to a. single narrow range of the acoustic spectrum and others that
are aroused by any part of the spectrum. Whether the auditory system can act

&8s a wide-band device is left for consideration elsewhere.

3.1 A Preliminary Experiment

The first experiment performed represents a simple, direct attack
upon the question of whether observers who expect a certain signal frequency
fail to perceive other frequencies. A training period, during which the
observers became acquainted with the experimental procedures and were practiced
in listening for signals in noise, was conducted employing only a 1000 cps |
tone burst .1l43 second in duration. Throughout this period the four-alternative,
forced-choice method of response was used. When the obsérfers‘had progressed
'sufficiently so that no further learning effects were anticipated, the frequency
of the signal was changed to 1300 cps, and presented at the same energy level
and duration which yielded a proportion of correct choices of approximately
.65 for the 1000 cps signal. Thé observers were not informed of the change.
Eor the 1300 cps signal, the proportion of correct responses was not significantly
different from .25, or chance success. Iater tests showed that when a frequency
of 1300 cps was expected, the proportion'of correct choices at thevsame energy
level of signal and noise, and the same duration, approximated .65. Apparently,
the observérs did not perceive the signal frequency of 1300 cps when expecting

1000 cps; they insisted, as a matter of fact, that the experimenter had failed

to turn on the signal generator.,
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Unfortunately, the nature of this experiment is such that a systematic
set of similar experiments, varying the freqpency difference between the
expected’and unexpected signal frequencies in an attempf to determine the width
of the band of attention, is impossible with a single set of observers. Because
the observers in these experiments typicaliy serve over a period of six months
to a year, it is necessary to convince them after a single experiment involving
deception that no‘further deeeption during their period of observation will be
attempted. Iﬁ is-also impossible, due to the nature of the experiment, to
accumﬁlate & large number of observations with a single frequency difference
between the two signals involved. The data reported above are based on fifty
observations of the 1300 cps signal by each of four observers. Because of the
small number of observations on which these data are based, they are not presented
as decisive; the experimeﬁt‘is described here, in part, to illustrate the concept
of the'band of attention held by the authors. More confidence caﬂ be placed in
the type of result reported, however, than is indicated by the specific‘data
- described. Since these data were coilected, similar experiments have been
performed by others, using'as subjects the students in two undergraduate
laboratory courses in psychology at the University of Michigan. These latter
experiments, conducted by Karoly and Isaacson (Ref. 17), ihvolved 5h observers
each of.whom made 150 observations of the expected frequency and 20 observations
of the ﬁnexpected frequency at.various levels of intensity; the results are
vefy similar to those Jjust described. The proportions of correctrresponees to
an unexpected signal of 1500 cps in one experiment, and to an unexpected signal
of 500 cps in another experiment, were significantly less than the‘proportion
of correct responses to ﬁhe expected signal of 1000 cps even when the energy

level of the unexpected signals was greater than that of the expected signal.
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In order to obtain equal properties of correct response for the expected and
‘unexpected frequencies, the signal at the unexpected frequency had to be from 10

to 18 db greater than the signal at the expected frequency.

3.2 A Repetition of Fletcher's Experiment

Another e§périment.was performed to determine the existence of the
band of attention, and, if found to exist, to obtain estimates of its width.

Thé design of this experiment permitted the accumulation of a large number of
observations by one group of subjects.

The general method was that first used by Fletcher in his study of
critical bands (Ref. &7 ). The observer is ésked to detect a pure tone in a
background of noise. The frequency range of the noise is varied, with the
center of the band of noise remaining at the frequengy of the tone which is to
‘be detécted. As the bandwidth of the noise is decreésed the tone becomes
gradually more detectable. From & study of fhe manner in which detection is
improved with decreasiﬁg noise bandwidth, the characteristics of the band of
attention are inferred.

While the experiment reported below is conceptually very similar to
Fletcher's,‘thereyare ma jor points of difference. Fletcher's measurement éssumed
& threshold. In the second place Fletcher writes as if the band is such that
noise outside of the band has no effeét at all on the detectability. In other
words, there are points not far from the center of the band where the attenuation
of the noise is essentially infinite. According to Fletcher, these points define
the "eritical band" for this frequency tone. Fletcher estimated the critical
band to be approximately 65 cps in an experiment in‘which the signal was a ﬁone
pf lOOOché, the signal frequency used in the experiment reported below.

Fletcher also points out that the critical bands correspond to a 1/2 mm length

Mﬂ&ﬂl&r_mmbmm_tor_my_mguenc%i
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Within the critical band the following relationship is said to hold:
"For these smaller bands and for this type of statistical noise, the intensity
of the masked tone must be adjusted to be equal to the average intensity of the
noise in the band in order for it to be perceived." (Ref. 7) Since Fletcher
does not state the type of statistical noise employed, it is difficult to
interpret exactly the implicétion for the shape of the critical band. If white
noise were used, and it seems likely that it was, and if the filters used were
essentially square, then the statement could hold for any shape of band. If
the critical band is square, then the statement could hold for any noise spectrum,
although strange detuning type effects may‘appear-for certain types of noise.

If neither the noise is white within the band nor the band is square, then the
average must be based on a weighting function which is a function of the observer's
critical band.

Schafer, Gales, Shewmeker, and Thompson (Ref. 29) realized the
importance of using a équare band of noise, and in an experiment similar to that
of Fletcher, employed a band constructed by mixing pure tones. They conclude
that the observer acts as a filter the Q of which is approximately 37 at 800
cycles. A single-tuned filter, having a Q of 37 is 22 cps in width, measured at
the half-power points. Schafer, et. al.,fepoft that the equivalent square
bandpass is slightly over 60 cps in width.

Both of the papers referred to above use the threshold measure as the
dependent variable. It is felt that the results of an experiment based on a
subjective report that a tone is above threshold may differ from an experiment
in which detection is measured as it is in a forced-choice experiment. There
is further the suggestion that certain parameters of the hearing mechanism may

be under control of the observer, such that any set of measurements as those in

Fletcher's experiment apply only to a special set of conditions. Signal duration,

52



ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

which in Fletcher's experiment was indeterminate, although certainly very long,
may be a critical factor. A thorough study of the restricted band of attention
may involve meny experiments. Thus, it is necessary to devise a method which is
conceptually cleaf. The method and experiments described below are an attempt
at devising such a method.

3.2.1 An Alternative Approach. In this paper, no attempt is made to

‘determine the bandwidth of the hearing mechanism by making a calculation of the
intensity and frequency distribution of the sound at the basilar membrane. Rather,
if the hearing mechanism acts as a narrow-band receiver, it is supposed that the
information passes through this auditory filter to some high-order detector.
Thus, in an experiment similar to that of Fletcher, the general scheme is
coneeptualized as a situation in which there are two filters in series: the
external filter which the experimenter manipulates and the internal filter, or
-band of attention, associated with the observer's hearing mechanism. Thus,
the important'variable in this study is the ratio of the two filters rather than
the value of the external bandpass alone. It should, perhaps, be emphasized thet
the concept of an internal "filter" is used solely as an analytical device; it
is not regarded asa specification of the exact nature of the auditory mechanism.
The relevant components to be considered in an experiment which studies
the bandwidth of the hearing mechanism are shown in block diagram.form in
Figure 12, In the diagram, -it will be noted that the signal is delivered to
the adder through a narroﬁ-band filter. This filter is added to attenuate the
high-frequency, transient responses of the gated signal. Thus, when external
noise is filtered, the observer cannot identify the presence of the tone by
listening for these transient responses. Since it is assumed that the dbserver's

bandpass remains constant in width throughout the experiment reported in this

23
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section (as signal duration and signal power are héld constant), the signal

bower entering the measure on which the observer bases his decision is assumed
constant through the experiment. The only varieble which would then affect the
detection of the signal is the power of the noise entering the observer's measure.

3.2.2 The Noise Power as & Function of the Ratio of External to

Internal Bandwidths. 'The first question to be answered is how the noise entering
the heasure is influenced by the ratio of the two bandpasses. If this can be
determined, and if it can be determined how this noise power varies as external
‘bandpass is changed, then it is possible to solve these relations for the internal,
or auditory, bandwidth. To determine how the noise power varies with the ratio of
the bandwidths, it is necessary to define the bandpass characteristics. The
bandpass characteristic of the external filter is, of course, a function of the
components used in constructing the filter; in this experiment, a single-tuned
filter is employed. The width of the internal filter, in the absence of advance
knowledge, is calculated under several different assumptions‘about its bandpass
characteristic. The criterion of congruence with other estimates of the width

of the band of attention will be seen to eliminate, tentatively at least, all

but one of these assumptions.

Thus;, the‘assumption of a given bandpass characteristic of the internal .
filter‘permits the calculation of the noise power entering the observer's measure
when the noise power per unit bandwidth is held constant at the input to the
external filter and the ratio of the relevant bandwidths is varied. Figure 13
shows this relation graphically for the several types of internal bandpass
| considered. These are a single-tuned filter, a square filter, a Geussian filter
using thebone sigma points for the estimate of width; and a Gaussian filter using

half-power points for the estimate of width.
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3.2.3 General Description of the Experiment. From Figure 13 it may

be seen that, if the internal bandpass is held constant, a change in the external
bandpass will produce a change in the noise power entering the observer's measure.
Specifically, if the extérnal bandwidth is decreased for some constant internal
bandwidth, the noise entering the measure isbdecreased. Thus, one would expect
the‘detection of the signal to increase as the external bandpass is decreased.

The problem now becomes one of inferring from the improvement in detection

the actual Change in this noise power.

In the first test, with the external bandwidth held constant, the
observer is asked to detect the same signal which is later employed in the second
test with variable external bandwidth. In this first test, the external bandpass
is, in fact, removed from the circuit. The power of the masking noise is reduced,
80 that in the course of the experiment the detection probability increases. The
improvement fof the three observers in the detection variable d' as the noise
power is reduced is shown in Figures 1k, 15, and 16. The experimental procedure
has been explained ;n Section 2. The four-alternative, forced-choice method
‘|is used to determine the d'.- At least 400 obsérvations define a point.

Since the external filter is held constant and the internal filter is
assumed to be constant, Figures 1415, and 16 show how a change in the noise power
at the output influences the detection variable. These graphs, of course, also
show how a change in detection reflects an equivalent changein the noise power.

The second test is-conducted with tﬁe same basic components used in
obtaining Figures 14, 15, and 16, Instead of changing the noise power at the
output by reducing, from a reference level, the noise power input, an equivalent
procedure is employed. This procedure is to reduce the bandwidth of the external
filter in the menner shown by Figures 17, 18, and 19. The resultant change in

the detectidn variable is shown by the ordinate of Figures 17, 18, and 19.
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Now, by using the data in Figures 14 through 19, combined with thé theoretical
curves in Figure 13, one may solve for the internal bandwidth of the auditory
filter under each of the assumptions.

The value of d' obtained when a given external bandpass is employed
may be trénslated into the‘change in noise power entéring the observerS measure
with the aid of Figures 14, 15, and 16. This change in noise power may be used
with the theoretical cur&es of Figure 13 to determine the ratio of the external
to iﬁternal bandwidths. Since the external bandwidth is known,the internal ‘band-
widfh may be determined. For example, it can be seen in Figure 17 that for
observer 1, employing an external bandpass of 20 cps results in a d' of 1.5k4.
From the same observer's performance in Figure 14, it can be seen that a d' =
1.54 is equivalent to a change in noise power of approximately 5.1 db.
| Assuming the band of attention has the characteristic of a single-tuned filter,
for example, a change of a 5.1 db is seen from Figure 13 to result from a ratio.
of external to internal bandwidth,of approximately 45, Since external bandwidth
is 20 cps, the internal bandwidth under this assumption is approximately 4k cps.
This same procedure is repeated for each observer, for eachbexternal bandwidth
and each assumption about the chaiacteristic of the interﬁal band. Table III
shows the results of these calculations. The mean and‘standard deviation of the
estimates of internal bandwidth are given in the table. These two statistics are
calculated from the data, not from theoretiCai considerations. The reader should
be cautioned about the point obtained with'the ten-cycle-per-second external
bandwidéh. As explained previously, the signal was passed through a ten cps
bandpass before being added to the noise. If the center of either of these band -
passes drifted during the course of the experiment, the observer could listen to

the signal at a frequency whefe there would be little masking noise. That this
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result did occur is suggested by Figures 17, 18, and 19. Here one can see that
the points obtained with the larger external bandpass shows consistenfrincrease
in the detection variable until the ten cps bandpass is reached. This point
obtained with thé smail filter seems unduly high.> This point is reflected in
the estimates of the internal bandpass where it can be seen that the bandwidth
estimate derived from experimental sessions employing the iO cﬁs external filter
is the least in the vast majority of cases.

It will be noticed from Taeble III that the assumption that the band of
attention has the qharacteristic of a single-tuned filter leads to the smallest
estimates of its width. The bandwidth estimated under this assumption best agrees
with the indicaﬁions for its width derived from an analysis of observer efficiency
reported in Section 2.8. Recall that according to the‘analysis in terms of
efficienéy, the observér's Eand is less than 60 cps in width. These estimates
are also not very different from those reported by Fletcher and}by Schafer, et.
al. The standard deviations of these estimatés indicate that the assumption is
a reasonable one.

3.2.4 Summary. ' The experiment reported above is an attempt to estimate

the bandwidth of the Hearing mechanism with a fixed set of experimental gonditions.
It is assumed that the‘internal filtef femains consfant'through the experiment.
Further it is assumed that the change in the width of thg}external bandpass has
fhe samekaffect as a reduction of the noise'poﬁer in an expériment where the
external filter’is held constant and the noise power input is simply feduced.
.'From these assumptions the internal bandwidth is estimafed from the change in

the detection variable as the external,filter is reduced.
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3.3 The Signal at 'Either of Two Frequencies.

The narrow-band auditory device .is a mechanism capable of coding
frequency information into some other type'pf informetion. The extent of'this
information that can be utilized by the observer is another matter. An experiment
reported below was designed to determine the efficiency with which information
representing differgnt frequencies is utilized. Its result is éonsistent with the
proposition that the observer is, at a single "instant" in time, sensitive to
; only a narrow range of frequencies, and thatvshifting the observation from one
frequency to another requires & measurable amount of time.

The first part of the experiment consists in determining what percent
correct an observer éan attain in a four-alternétive, forced~-choice situation
where the signal frequency is announced and held cpnstant. In this situation the
~masking noise is held constant for all tests. A duration}fof the signal and
some‘voltage is selected. The first part of the test consisis iﬁ determining
the percent correct the observer will attain at some given frequency (fp). After
this is completéd, the observer is notified ﬁhat the frequency of the tone will be
changed to some other frequency (fB). The observerbthén listens to this new
frequenéy, and, with the same ﬁhysiéal parameters used to test the first frequency,
the second test is run to determine what percent correct the observer can aﬁtain |
at the second frequency (fg).

In the last part of the experiment, the observer is told that either
fp or fg will be presented, that is, that either one frequency or the other will
be presented in one of the four time intervals cqnstituting a forced-choice trial,
and that each frequéncy is equally 1ikely‘to occur on & given trial. On one half
of the trials fA is presented, on the other half of the tests fp is presented, in
random order. This situation may then»be‘described as the problem of,detecting

one of two equally-likely frequencies. It should be noticed that the observer
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is not asked to identify which of the two frequencies was presented. He is
asked merely to state the 1oéation in time of a signal.

Suppose that in order to listen to one frequency and then listen to
anothef, the band of attention must sﬁeep through the intervening frequencies.
According to this hypothesis, two variables are critical in determining how the
observer will behave in this experiment: the frequency separation of the tones
to be detected and_théir duration.

Assume some maximum sweep rate, g = max %% , Where 8 is the rate of
sweep, f is frequency, and t time. If the frequency separation is increased
sufficiently,one would expect the probability of detection to decreasé until
finally the observer cannot iisten for one frequencj and then shift to another.
When this point is reached the observer's optimum behavior is to listen for
either one or the other of the\two frequencies and simply ignore the fact that
another frequency is being presented half the time. This point may be called the
"successiﬁe observation" point. That is,»the observer can observe one freqﬁency
or the other but not both during the duration of the signal.

Figure 20 shows what percent correct may be expected in the four-
alternative case as a function of d'. The top curve is that obtained for the
case of signal-known exactly. The definition of this curve is explained in
Section 2. The lower curve assumes the observer can listen for only one of the
two frequencies. For any given d', the percent correct in the successive
observation case will be the conditional probability that if the‘frequency‘is sent
the.observer will detect it. Since,»the frequency at which the observer is
listening is independent of the frequency actually sent, the probability of a
correét deﬁection is the probability that the frequency was sent, (1/2), times
the probability that if it was sent}the bbserver detects it. This latter

conditional probability is obtained from the signal-known-exactly case. To this
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probability must be added the probability that if the observer is listening
to the frequency which was not sent he will choose the correct interval anyway,
that is, the probability he will choose the correct interval with no information.

Combining these probabilities the expected probability correct

for the successive observation point is:

P(c) (for signal-known-exactly) + 1/h (16)
2
The probability of a correct response for the signal known exactly used in
Equation 16 is the algebraic average of the probability correct obtained at
fA and fp in the first part of the experiment, where only‘one of these is
present in a set of trials.

The curve labeled "successive" should not be interpreted as a predicted
curve. Rather it is a lower limit set by the experimental conditions; if the
observer cannot shift from one frequency to the next but has to listen to either
one frequency or the other, then this is the performance one would expect.

| The curve labeled "simultaneous" is obtained in the following manner.
It is supposed the observer can listen to both frequencies at the same time.
He then records eight measures, two for each time interval, (one at each
frequency, fp and fg). Among the eight measures he chooses the one most likely
to be caused by the signal and chooses the time interval associated with this
valué. This is not the optimum decision function for this case. A better
procedure is.to combine the measures associated with the two frequencies for
one time interval and compare the four combinations. ’Such a procedure would
define a curve somewhere between the upper curve and the "simultaneous" curve.

The data for three observers are placed on the graphs of Figures 20,

21, 22, and 23 as follows. First the d' is determined for the signals when the

ENGINEERING RESEARCH INSTITUTE -« UNIVERSITY OF MICHIGAN —
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frequency is known; approximately 700 observations define these values of d'.
Then the percentége correct obtained in the experiment in which the signal is
known to be one of two frequencies is entered for that 4'; appro*imately 250
observations define these points. Thus the points on the graph represent the
percentage correct obtained when the two frequencies were equa;ly likely; each
of these points is placed directly below the average percentage correct for

the  two frequencies when presented~élonef The experiméntal poihts therefore,
refiect the decrement in detection asSociated with the uncertainty which results
when the signalAmay be one of two fregquencies.

Aé the results indicate, the larger frequency separations produce a
larger decrement in performance. Also there isra sﬁggestion in the data that
Huration influences the decrement in detection. 'Since‘onlonne observer
participated in the experiments cbhductéd at bbth dﬁrations,'this conclusion
hust be tentative.

These results are consistent with the following conclusions. First,
the»hearing mechaniSm‘requires & measurable amodnt of time to shift from the
bbsgrvation of one frequency ﬁo another. Secondly, since frequency ééparation
affects the decrement in performance resulting when the frequency is uncertain,
bhe mechanism shifts in some prescribed order, that is; it is apparently necessary

Lo shift through the intervening frequencies.

L, A THEORY OF SPEECH PERCEPTION

.1 The Problem

The results of the experiments reported above may be accounted for by
bscribing to the hearing mechanism narrow-band and sweeping or shifting properties.

The question arises whether these properties, inferred from detection experiments,'

Th
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are involved in the perception of more natural auditory stimuli, that is, in the

| perception of complex soﬁnds of/greater energy relative to the maskihg noise, or
whether.a different, exclusive set of properties is involved in this case. ' The
vanswer given to this question is not necessarily critical ﬁith respect po the
validity of the proposed theory of detection behavior. If it can Be established
that the narrow-band and sweeping properties are not involved in, or could not
account for, perception of strong and complex signals, then it may be maintained
,that‘thé problem of perceiving such signals may well be a different one and hence
may involve different properties of the hearing mechanism. In the opinion of

the authors, however, substantiation of the proposition that nafrow-band and
sweeping propertieé are not employed in the perception of strong or complex signals
would require a thorough reconsideration of the data that leadAto”the‘imputing of
these properties to thevmechanism of low-energy, puré-tone detection. The
interests of theory construction, it is believed, are not well served by
accommodatihg each new datum with the postulation of new properties. Correspond-
ingly, properties of the mechanism inferred from one class of data should be
éxamined for relevance to related classes of data. Consideration of possible
support for the proposition that the particular properties discussed are consistent
with perception of strong signals is, therefore, in order.

In this section, the perception of speeéh is téken as an example of
perception of strong, complex signels. Do the facts of speech perception- force
the postulatidn of properties exclusive of the ones discussed, or do preliminary
considerations suggest that the above-named properties may be ﬁtilized in speech
perception?/ The significance of the answer proposed to this quéstidn rests in
the fact‘that research undertaken will be guided by it. By waj'of orientation,
for the following discussion, the characteristicsof the mechanism inferred from

the detection experiments are assumed, and an attempt is made to show speech

perception to be compatible with this assumption.
>
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Characterizing the auditory mechanism in the way suggested poses a
large problem for the theory of speech perception. How is it possible for a
narrow-band device to intercept the freqﬁencies serving as cues for'the
identification of speech sounds, given the indication, from several sources,

that these frequéncies vary rapidly over a range approaching TOOO cps?

4.2 The Information Contained in Frequency

In view of the assumption stated above that the major problem for the
theory gf speéch perception is to account for the reception of a wide range of
frequencies by a narrow-band device, it may be well to indicate briefly the role
played by frequency in the identifiabi}ity of speech sounds. This can be done
conveniently by reviewing the work on speech synthesis of Cooper, Delattre,
Liberman, et. al. at Haskins Laboratories (Refs. 4, 20, 21) since further reference
will be made to some of their results.

Speech synthesis is accomplished at the Haskins Iaboratories by a

device called the pattern playback which converts hand-painted spectrograms

into sound. This apparatus makes it possible to study the effects on perception
-of variations in several acoustic variables. A sampling of the results
indicating the importance of frequency in speech perception follows.

In one of the earlier papers of the Haskins Series (Ref. 20), a study
is reported in which an attempt.ﬁas made to determine the‘importance of the
frequency position of a short burst of noise, which spanned 360 cps, in the
identificati@n of the unvoiced stop consonants. A collection of hand-painted
spectrograms of burst plus vowel was prepered, in which the frequency position
of the burst and the schematic vowel paired with each burét were sysfematically
varied. It was found that the frequency position of the burst could serve as a

cue for distinguishing among p, t, and k. The results indicate, however, that
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this particular cue is not sufficient; whereas bursts above 3000 cps were
consisfently Judged as t, the judgment 6f bursts below that level as either p or
k showed a depeﬁdence upon the relation of the frequency position of the burst to
the vowel with which it was paired. This last mentioned result will be discussed
more fully below.

Iater research served to isolate a second cue to the perception of

1 quring the vowel onset (Ref. 21 ).

stops, namely, the curvature of the formants
These shifts in frequency of the formants are characteristically found where
speech sounds Join; the formant transitions are presumed to reflect continuous
movement of the articulators and the corresponding progressive changes in the
relative sizes of the various resonance chambers that are involved ih producing
different sounds successively. The extent and direétion of the transition Of’

the second formant during vowel onset serves as a cue for distinguishing among
the unvoiced stops, p, t, and k, among the corresponding voiced stops b, d, and g,
and among the corresponding nasai consonan%s m, n, and n. Stated another way,
the extent and direction of second-formant transition distinguishes p, b, m for

t, d, n, from k, g, n; in faét, a single trénsition can serve for p, b, aﬁd ﬁ,
another for t, 4, and n, and a third for k, g, and n. With respect to possible
cues serving'to distinguish the classes of sounds from one another, it seemé
likely, on the basis of the Haskins experiments, that the voiced stops are
distinguished from the unvbiced stops by the pfesence,jin the formef, of energy

et the fundamental frequency of the voice. In addition, transitions of the first

formant appear to contribute to the voicing. Also, a certain neutral and constant V

1. "Formant" is the term applied to frequency regions of relatively high energy
concentration. The formants appear in spectrograms as dark horizontal bars.
Ordinarily, at least three forments can be identified in the vowel spectro-
grams; these are conventionally numbered beginning with the formant having

the lowest frequency.

(i
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resonance, with frequency and intensity characteristics different from those of
the vowel, will'inpart the color of nasal consonants as a class, and, appafently,
serves as absufficient cue for distinguishing this class from the stop consonants.

Although neither the short bufst nor the second-formant transition
are entirely unambiguous cues, it appears that use of both cues would resolve
many of the ambiguous cases. It should also be pointed out that the Haskins
group has evidence from exploratory studies that the transition of the third
formant contributes tq consonant identification.

The attributes of vowel sounds important in their identification may be
treated in less detail ﬁhrough a brief summary of the work of R. L. Miller
(Ref. 23 ). This investigation has demonstrated by means of auditory tests
with synthetic vowels that the position and relative amplitude of the first three
formants and the fundamental frequency of the voice are high-ranking cues in
vowel identification.

It appears, then, that several frequency cues‘can be isoclated as
fairly reliable contributors to speéch sound identification. It is also evident
that the frequencies involved in the multiple cues span a rather wide range.

The center frequency of the third formant, for example, may be as far as 3500

cps away from the fundamental frequency of fhe voice. In the Haskins experiments
utilizing bursts 6f noise, bursts above 4000 cps were found to serve as cues

In addition, the results of articulatiop tests with low-pass filters show a

contribution of frequencies in the neighborhood of 7000 cps (Ref. 10 )l.

1. French and Steinberg (Ref. 10) have shown that connected discourse is very

' intelligible when only the frequency components of the speech below 1900 cps
reach the listener. It seems unlikely, however, that the listener habitually
confines his attention to the frequencies below 1900 cps, since speech is
also very intelligible when only the frequency components above 1900 cps are
passed on to the listener.
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4.3 The Effective Bandwidth for Speech Perception

Granting that ﬁhe freqﬁencies serving as cues in the identification of
speech sounds vary rapidly over a wide range, considérations of the effective
bandwidth of ﬁhe auditofy mechanism, with respect to a particular time base,
become important. One might assume an average duration of speech sounds and
calculate the{range over thch the mechanism could sweep in that timé. However,
since the experiménts reported in Section 3 above were designed to démonstrate-
the existence of certain charactgristics of the auditory mechénism, and the
parameters of these characteristics have not yet been fully explored, it is not
possible at the present time to report reliable estimates of the effective band-
width attainable by a narrow-band device by virtue of a sweeping property. A
rbugh estimate of the sweep rate in the vicinity of 1000 cps can be obtained by
noting that, in the data reported in Section 3 from the study employing two
equally likely frequencies, when the two frequencies are 300 cps apart, the
percentage of correct detections falls on the theoreticél curve predicéted on
"successive" observation. Acceptance of 300 cps as the maximum effective baqd—
width given a 1/10 second signal, or of 3000 cycles pernsecond per second as the
maximum sweep rate, would have to be restricted to the range about 1000 cps.

It seems unlikely that a sweep rate this.slow would obtain thrOughout the
;audible range of frequencies; perhaps sweep rate increases logarithmically with
.increasing frequency.

It is also the case that estimates of sweep-rate, or of effective
bandwidth derived from experiﬁents employing low signal~to-noise ratios should
probably not be extrapolated to the perception of stronger signais. It is not
inconsistent with the working assumption of aynarrow-band, sweeping dévice for

étrong-signai perception to suspect that certain parameters of the device will

vary as 8 function of signal-to-noise ratio. Consider the curve labelled
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"successive" in Figures 20-23; it could be argued that this curve would
rise again if continued further.

It may be assumed, hbwever, for purposes of this discussion, that a
mechanism utilizing narrow-bahd and sweeping properties in the perception of
speech cannot intercept all of the frequencies contributing to the identification
of speech sounds. The consideration of these properties as rélevant to strong-
signal perception, of course, depends upon the exisfence of a decrement with ‘
respect to strong signals when the range of possible signal frequencies is of

this order éf magnitude.

4.4 The Central Control of Sweep.

It is clear, on a priori grounds, that when signal frequencies of
_relativély short duration vary over a wide range, the probability of their
interception by a narrow-band, sweeping device or the probability that the
device is tuned to ; given frequency at the time of its occurrence, is quite
low, with a resultant loss éf frequency informatioﬁ. This assumption, however,
that a wide range of signél frequencies (wide relative to the signal duration)
.yields'a low probability of interception, is valid only if all frequencies in
thebrange haﬁe nearly equal probabilities of occurrence. If, at a given time,
the signal frequencies differ in their probabilities and if, in addition,
regulation of the position of the sweep is possible, then the probability of
intercept neéd not be low.

It is well known that the information-carrying frequencies in speech
are not, at.a given point in a message, equally probable; and it may be contended,
| on the basis of the data reported above, that thé listener is capable of
regulatiﬁg the sweep of the narrow-band. Thus, although some frequency

information may not be picked up by such a mechanism, regulation of the sweep
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in accordance with the redundancy in the ffequency structure of speech may
result in the reception of a sufficient quantity of information to make possible

the perception of speech with such a mechanism.

4.5, A Priori Probability and Speech Perception

It will be well to review briefly the extent and nature of redundancy
in the frequency structure of speech in order to_assess the extent to which
the search of the mechanism can be guided by a priori or conditional probabilities.
The first paper to treat the statistical structure of conversatioﬁ was
authored by French, Carter, and Koenig (Ref. 9 ). The tendency for vowels and
consonants to alternate, véry likely the most effective form of redundancy ﬁith
respect ﬁo the guidance of search, is brbught out clearly by this study. Nine
types of phonetic syllables occurréd; no instances of two vowels in succession
were found, and the.syllables having two or more consecutive cénsonants comprised
about l/ T of the total-nwnber of syllables.l ‘Since the differentiating
characteristics of consonant sounds cover a wider range of frequencies than do
the cues enabling vowel-sound recognition (see Potter, Kopp, and Green (Ref. 27)),
there exists an excellent basis for a sweep pattern involving an alternation
between a single, rapid‘sweep éver a wide range of freqﬁencies and an oscillating
SWeep Over & narrower range. Since 2/3 of the syllables in the study began
with consonants, there exists a basis for regulating the phase of such a pattern.
There are several other indications in the study by French, Carter,

and Koenig, of redundéncy in the frequency structure of speech. To give an

1. The present view of the redundancy in the frequency structure of speech will
be confined to English. In terms of the present purposes, this is apparently
a conservative, as well as convenient, choice; Newman (Ref. 2k4) for example,
reports that Englishshows less restriction in terms of patterning than the
other ten languages he studied.
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example, one tabulation of their data shows that of the twenty-two vowels used
in the analysis, roughly 1/2 of the occurrences are comprised of the six front
vowels. That the front vowels, asra class, differ from middle and back vowels
| with respect to the positions of the first two férmants has been demonstrated
by Peterson and Barney (Ref. 25). Freﬁch, Cartér, and Kbenig also pfesent
the cdnditiona; pfobability that a particular vowel will be followed by a
particular consonant.. Five voﬁeis are followed by no consonant more than 50
percent of the time.
Another study of redundency in English was made by Black (Ref. 1 ).
With respect £6 ﬁhe ﬁurposes‘of this discﬁssion, the results are very similar
to those discussed above. Black foﬁnd transitional pfoﬁabiliﬁies exceeding .33.
Thus, there is some basis for supposing théi a narrow-band device
| whose sweep is susceptiblevto fegﬁlation by the listener; may;be guided by
a'Eriori probabiiitiés so that a substanfial increase ih the ﬁrobabiiity of
intercept resuits. Still, the fact that this is a‘sﬁeeping mechanism suggeéts
that many of.the intérceptiohs are of sufficiently short durgtion to lead to
éonsiderable atéenuatioﬁ. Ir thisbis true,.immédiafe decisions coﬁcérning
i the individuai signalé would lead to a high freduency of error. It may be,
: héwever,‘that if a portion of the speech sdunds in a’message are not detected,
or if decisioné are not madeVimmediately'concérning certain soﬁnds; that those

elements of the message are filled in on the basis of a posteriori probabilities,

that is, on the basis of subsequent information.

4.6 A Posteriori Probability and Speech Perception

In the study made by French, .Carter, and Koenig, five vowels appeared
without a prior consonant more than 50 percent of the time. Black found

transitional probabilities of one sound preceding another, of the same order

82



—  ENGINEERING RESEARCH INSTITUTE -« UNIVERSITY OF MICHIGAN —

of magnitude as the conditional probabilities of one sound following another.
It seems reasonable, then, that sounds not intercepted may be inferred

solely on the basis of a priori or & posteriori probasbilities. Even in this

case, of course, decisions concerning individual elements of a message near the
fime of their transmission could lead to errors. A method of decoding that
involves storage of the information received, and a single decision made at

the conclusion of the message, may lead to appreciable reduction in error.

This mgthod of decoding is based on the princiﬁle discussed in Section 2 above,

that the decision process is one in which information may be lost. The

preservation of a posteriori probabilities, and a single decision based on the
pattern of these at the end of the message, or at the end of somé larger portion
of the message than that represented by-a single symbol, is far more efficient
decoding process than a process calling for symbol-by-symbol decoding. A
mathematical demonstration of the improvement which can be expected from using
such a decodiné process, which makes full use of the redundancy in the message

“structure, is reported by Tanner and Birdsall (Ref. 37).

4.7 Other Evidence of Redundancy in Speech Structure

To summarize the development to this point: it is supposed that
redundancy in the frequency structure of speech plays two roles, one a forward-
looking role giving informétion concerning’where to observe next, fhe other
involvingrbéth forward and backward conditional probebilities that are applied
in the decoding process.

vUp to this point, the extent of reduqdancy in speech has been treated
in terms of statistical considerations, in terms of the'patterning found in
samp;es of the English language. In addition to the extent Qf fedundancy in

speech displayed by statistical studies, it should be pointed that speech sounds
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themselves often convey information about adjacent sounds. House and Fairbanks
(Ref. 15) have shown, for example, that the fundamental frequency, phonetic
power, and duration of vowels reflect the consonant context in which they occur.
Curtis (Ref. 5) has summarized several acoustic studies reporting cues to the
identification of speech sounds as residing in interactions among consecutive
sounds. Thus, the listener does not have to depend entirely, for filling in
missed portions of utterances, upon the a priori probability of occurrence of
the various sounds and their sequential probabilities.

The primary data on the extent of redundancy in speech, of course,
in terms of the present purposes, come neither from statistical nor acoustic
studies of speech, but from studies devised to show directly its influence on
perception. Several such studies have been performed; three of these
demonstrate that information about adjacent sounds carried by the sounds them-
selves, independent of their sequential probabilities, is utilized Dby the
perceiver. One of the investigations made at Haskins Iaboratories, reviewed
earlier in this section, showed consonant reéognition to be dependent upon the
formant transition of vowels following them. Thiis suggests that consonants not
received can be inferred fromrtheir influence on adjacent éounds, since, in this
case, the burst of noise that is regarded as the acoustic countérpart of the
consonant was not present in the message. In other studies, Harris (Ref. 14 )
and Carol Schatz (Ref. 30) employed spliced tape to show that vowel-consonant
'and consonant-vowel pairs suffer in intelligibility when each member of the
pair is taken from another context.

Several other experiments'have demonstrated the influence on perception
of redundancy; or alternatively, of restricting the number of alternative messages.

Miller, Heise, and Lichten (Ref. 22 ) compared performance across test materials
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comprised, respectively, of nonsense syllables, words in isolation, words in

| sentences, and digits. The size of the eff%pt on perception of restricting the
nunber of alternatives may be illustrated by pointing out that the same observers,
under identical acoustic conditions, responded correctly to 95 percent of the
digits and to 5 percent of the nonsense syllables presented. Or, again; in

order for the observers to get 50 percent of the nonsense syllables correct, the
signalFto-noise ratio had to be 17 db greater than the signal-to-noise ratio
ﬁhich resulted in a score of 50 percent for digits. Millef, Heise, and Lichten
‘also conducted speech perception tests empioying different sizes of vocabularies
of monosyllabic words. At a signal-to-noise ratio of -9 db, 60 percent of the
items of the 32-vocabulary were responded to cor?ectly; when a voéabulary of
approximately 1000 words was employed, a score of 6d‘percent required a signal-to-
noise.ratio of +9 db.

The very sizable effect of redundancy on the perception of speech is
also shown by results published.by French and Steinberg (Ref. 10). These
.investigators dembnstraﬁed that the intelligibility of sentences is near perfect
at a signal-to-noise ratio that yields 70 percent correct responses to nonsense
syllables. Apparently, speech sounds not recognized when a part of nonsense
syllables are detected immediately when they are a part of meaningful sentenceé,

or are inferred correctly on the basis of additional contextual information.

4.8  Summary

On the basis of data presented in the previous sections, it has been
propoSed that the hearing mechanism be characterized as a narrow-~band, sweeping
device. This view of the mechanism is not necessarily incompatible with the facts

| of speech perception. In parficular, it has been suggested that the ability of the|
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perceiver to control such parameters of the device as its sweeping property, and
his ability to utilize a significantly large portion of the redundancy present
' L]

in speech, serve as a framework for a theory of speech perception.
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5. SUMMARY

This paper presents the results of an investigation of the auditory
'processes of detection and frequency analysis. The primary results may be
reviewed briefly in Section é, data are reported that are inconsistent with
the assumptions upon which the conventional threshold theory is based. The data
support & different detection theory, one that incorporates a variable "cutoff"
level that may be controlled by the observer in the interests of optimum behavior. |
The data reported in Section 3 are consistent with the existence of a certain
selectivity of the auditory system with‘respect to frequency. In particular they
are consistent with the propos1tions that the auditory system is sensitive to a
small range of frequencies at a given time and that a change in the frgquency
region of sensitivity involves 'a process requiring time.

As stated in the introduction, the experiments reported are of a
’sampling nsture in the sense that the signal parameters studied are restricted
‘in‘range. This sort of experiment, however, is consistent with the present
" purpose. The interest is merely to establish the existence of certain properties
of the hearing mechanism. It is unlikely that the results of a 31milar study
employing a wider range of signal conditions would be qualitatively different
than those reported above.

In‘an important sense, this paper is one concerned with method, with
the mode of attack on psychological problens. To the extent that the viewpoint
vpresented in this paper 1nf1uences experimental de31gn, the paper can be
considered a contribution to methodology. It is the authors‘ opinion that the
theory specifies the control of veriables hitherto ignored to & large extent,
-that the theory emphasizes the statistical nature of the problem, and that it

specifies a dependent experimental variasble which has high face validity.
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On the other hand,'to the extent that the experimental results
illuminate how the auditory mechanism functions, the paper can be vieved as one
kcontributing to auditory theory. Further, since the data indicate that the
observer is capable of exerting a significant degree of control over the parameters
of the auditory mechanism; and that he uses.an optimum process in selecting the
parameters, the data have implications for general behavioral theory. The theory
specifies ways in which sensory and central processes are related. It suggests
ways in which central processes can be studied by means of psychophysical
expeiiments.

Although the results illuminate how the auditory mechanism works, the
claim is not made, of course, that it is possible to state from‘experiments or
otherwbse, what mechanism actually exists. Although the results displaykcertain
general properties of the auditory mechanism, they do not indicate yhé nature of
the physical system that effects these properties. In discussing the data on
frequency selectivity, fof example, the terms "filter" and "sweeping"vhave been
used. This terminology follows from one of several possible models for the
physical system. The data could, perhaps, have been as ﬁell presented in terms

of some other as-if representation. The selecti&ity characteristics exhibited in
the data, however, are probably achieved by & mechanism that is very different

in form from any of the modelé presently available. As a matter of fact, neither
the square filter nor the Gaussian filter considered in Section 3 is physically
realizable, in at least the sense that each requires an infinite time delay.
Nevertheless, the possibility of convenient‘calculation Justifies first-order
comparisons of.results to be expected on the two bases. The filter model is
tentatively employed simply because it permits convenient assessment of the
experimental results on selectivity. The same model is then used in discussing

the results of the experiment requiring shifting of the range of sensitivity,
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the experiment employing a signal at either of two frequencies, although the
|aata themselves do not demand the "sweeping-filter" concept. The data establish
only that a price must be paid for observing signals gt different frequencies,
Stiictly from the data reported above, it is impossible to determine whether

the price is paid in terms of definition, or in terms of noise, or in terms of
time as suggested by the model.

The purpose of the investigation was to derive a model useful in guiding
further study of the processes of detection and frequency analysis. It is believed
that this purpose has beén accomplished. In any event, the reéults of the study
have disclosed properties of the auditory system that must be taken into account

in devising the procedure for many types of experiments on the atditory system.
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APPENDIX

The first three assumptions listed in the text are not strictiy
necessary for the development Qf theory to handle the particular probiems
coﬁsidered in this report. They are included because it is felt that they are
assumptions defining a theory broader in scope than the particdlar applications
described in the text. They define’a class of théories, one of which is defined
by the remaining postulates (L-11).

The first three postulates are included so that the reader might have
8 ?etter understanding of the authors' overall theorétical'position. Although the
reasonableness of these postulates at this time is no more than a matter pf_
faith, it is believed that an understanding of the faith of the authors may
contribute to the understanding of their writings.

It should be recognized that the first three postulates may not be the‘
best assumptions upon which to base the theory. For example, the following set
may be better by some criteria:

A-1. A human being has a finite capacity for processing information.

A-2. A human being makes decisions oﬁly when forced to do so.

A-3., A human being optimizes.

Again, these are not intended to be complete.. Many definitions are
required before these postulates have any meaning. Névértheless, it seems
possible that the postulates 1-2-3 of the text could be consequences of the
postulates A-1, A-2,\A-3 stated above.

A set of postulates such as this furnishes a convenient basis for the
design of experiments. It should be noted that all of the experiments reported

in the text are such ‘that the‘set.of‘postulates describes a class of situations
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of which the experimental Situations,are members. With this basis, problems
of trying to collect and analyze data involving apparently "infinite" amounts

of information are not encountered.
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